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A ROTATINGPENNINGSURFACE-PLASM4SDLRE FORDCH- BEAMS*

H. Vernon Smith, Jr. , Paul Allkon, and Joseph D. Sherman
AT-2 (MS-818), Los Alamos Scientific Laboratory

Los Alamos, NM87545

Abstract

Weinvestigate the possibility of using a
Penning surface-plasma sourv (SFS) with :otat-
ing electrodes to produce dc H- beams. In
th!s rotating ion source (RIS), the average fmwer
density on the electrodes is reduced by magnet-
ically confining the dische~ge to a small region
near the emission slit while maintaining the
geometry and instantaneous power density of the
fixe&electrode Penning SPS. H- beam cur-
rents (2,5 mAat 100%duty factor, 104 mA at
1,5% duty factor) and two-dimensional normalized
emittances (0.036 n cm”mrad x 0.009 n cm*mrad
for 40%of a 1.5-M, dc H“ beam) similar to
those of the fixed-electrode Penning SPS are
produced by the uncooled RIS reported in this
paper. The scaling to a 100%duty factor, fully
cooled RIS is briefly discussed.

I. .Introduction

‘Iewlinac structures, such as the radio-
frequency quadruple (RfiJ)], may allow e sub-
star,tlal increase M the average beam current
injected into particle accelerators. We are
develop@ a rotating Penn~ng surface-plasma
source (.9%)2 as a high current (-100 mA),
dc H- source for this application. We chose
to builda Penning SPSbeceuseof (1) its low
emittance and (2) its adaptability to a des,tgn
employing rotating eitictrodes.

using the source rmgnetic field we confine
the rotating ion source (RIS) dischqrge to a
small region near the emission slit, thereby
reducing Lhe average electrode heat load by the
ratio o? the discharge length to the electrode
circumference, about a factor of 40. we built
and tested the unconled RIS described in this
paper. We find that it produces 1+- beams
similar in quality to those generated by th,
fixed-electrode Penning S%)?”.

11. Source Oaslgn

In develGpln an lon source to produce
!-100mf, ofH- et Oo%duty fector anclan

emission density J- = 2 A/cml, we ~ind it
necessary to njd the complication of rotating
electrodes becluse of power loading considera-
t ions. In our t.:’d-electrode Penning SPSS,
Ilo.ti H- current p~tses are producedby
discharge current nnd voltage pulses of60 A and
8(JV1 respectively, corresponding toJ”” = 2.2
A/cm through, the O.5-mmby 10.IWIIemission
slit, Becnuse thn retlo of cathode power to
enodc power 1s ubod 2 st a discharge voltege of
lCMIV (Ref. 5), the 4.8-kW pulsed dlscherue

*Work performed under the uuspices of the U.S.
Department of Energy.

power is equally shared by the anode and each of
the two cathodes. The exposed cathode surface
(0.48 mm’) hasa6.7-kW/cm’ heat load, about
an order of magnitude too high for operation at
100%duty factor. The exposed anode surface
(G.7cm2) hasa 2-kW/cm2power load, still
about a factor of4 too high. It is desi:”-
able to retice these heat loads to 0.5 kW/cmz
or less. Reticing the electrode power loading
by enlarging tne source dimensions might lead-to
a reduced emission deflsity and thus a lower H
beam brightness.c

The RIS design (Fig. 1) maintains the
geometry and instantaneous power density of the
fixed-electrode source.3)6 Because the SPS
discharge will not operate belowa minimum
magnetic field Bm, the spatial extent of the
RIS dischar~e is controlled by the magnet pole
piece shape (1 cm by 1 cm) and the current in
the electromagnet coils. The average RISelec-
trode power density is reduced by the ratio of
the length of the discharge region (-1.2 cm) to
the circumference of the electrodes (44 cm),
about a factor of 37. The RIS design calls for
a 1OO-V, 1OO-Adischarge, resultin g in antic-
ipated power densities of 380 W/cm for the
cathodes and 150 W/cmafor the anode, well
within the limits of cooling with present
technology.

Initially, both RIS cathodes and the anode
were rotated. For reasons discussed below, we
present.y rotate only the cathodec: the rotating
snode (Fig. 2b) was replaced with a fi~ed struc-
ture (Fig, 2c). Ferrofluidic feedthru:’, using
magnetic-fluid seals, provide the rotating sheft
seals, Dischsrge power 1s transferred to the
shafts by carbm brushes, The shsft dl’ive motor
is at ground potential and has v.sriablf, speed.
The enode and cathodes are constructed from
nolybdenun, the source housir,g from st:llnlcss
steel,

Because the fixed-electrode sourcl operates
for at least 1 ms with 100-mq H- yield:, the
1.2-cm-long arc slot results in onuppur limit
of 1200 cm/s for the electrode spesd in the RIS.
The 14-cm RIS electlode diameter sets I.he
required rotational speed at < 1600 rpm Meas-
urements show negligible breklng of the drive
motor by eddy currents induced 1+1the rftatlng
electrodes (< 20 Wat 1700 rprn). The mt~etic
field in the discharge re lon changes by c 5%

Ywhm the source rotations speed 1s varied from
O to 1700 rprn.

Four alectrl[al ct6rtridge ,lesters areuaed
to hnat the source body to 250”c, thereby llmit.
lrq cesiumcontin%stion on the inner surfaces of
the source housing. Cnsiurnmetel vapor 1s
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Fig. 1. The rotating lon source.

Table 1. De!ign end Achieved H- Performance
Levels in~( 1{1S—— —“

Discharge current, A
Discharge Vcltoge, V
Ha flow, seem
Hagnetlc field, T
Rotatlonel spe9d, rpm
Duty factor, %
Beamenergy, keV
H- current, W
J-, A/Cmz
6X \63%jxci~63%),

rr cm mrss
6(40%), A/cm2 mrads
H- Conwrsion

efficiency, A of
H-/A of arc

Thermnl efflciencyL
kWof arc/A of H

moizr

Deslgil Dc Pulsed

100 1.0
10U 160 1%

36 11s
0.14 0.15

120 15
i lhy_J 1.5
20 10.1
-100 1.5 10%
-2 0.03 2.1*
. 0.036x0.01J9 -

0.91
‘~0.001 0.0015 o.ooil*

< 100 107 94*

injected in the souwce housing 2150 around the
electrode wheel from the discharge region. The
ceshrn metal feed (similar to that in FirJ. 2 of
Ref. 8) incorporates an all-metal, bellows-
sealed needle valve for adjustment of the cesium
flow rate, Presently we do not cool either the
emlsslon slit (0.5 by 10 mmz)or the extrac-
tion electrode, The Ion source test stand and
electrical supplies usual to test’!’ the flxed-
electrod$? source are used for the RIS, The
dr@gn H- Performance lev@lS for the RIS are
given in column 1 of Table I.

III. Results and Discussion

9ecause the RIS design relies on the dis.
charge magnetic field to llmlt the length of the
discharge region along the electrode periphery,
it is important toconfirmthls nffect. To do
this, we constructed a speciel rotdtin anode,

!containing only two 2-nsm-wideby 5-KA- ong arc
slots locssted 180° apart (Fig, 3a). Weused
pole pieces with l-cm ?quare faces. The source
electrode wheel was rotated at moderate speed
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Fig. 2. (e) Schematic or the original Hz
gas feed, located 180° around the
electrode wheel from the dischsr~
region.

(b) Ct’Pillary Hz gas feed through
th. emission slit.

(c) ~ixed anode structure, with
H1 gus fed directly into the
arc slot.

to pass the arc slots through the discharge
region at 16 Hz. A timing pulse indir;ted a
fixed locationon the electrode par~phery so
that we could measure the rate of rotatlrn. We
then measured tho dlschaxge and H- currents as
a function ofw!mel location (Fig. 3b). These
measurements were repeated for many different
settings of the magnetic field. As shown in
Fig. 3c, the width of the discharge region
decreases monotonically with megnetic field.
A O.1-T field produced a l-cm dischar e width.

!Thus, the spatial extwt of the RIS d scharge
can be controlled with the magnetic fiald for
discharge currants near JA.

Wevaried the location of theH~ as feed
as shown inFlg. 2. !reeding Ha gas in’o the
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The magnet poles end the anode used
to measure the width of the dis-
charge region as a ~unctlrm of mag-
netic field strength.
The Cischar

r
current (top) and

h- current bottcfrt) as a func-
:ion of the location of the
5-m-long arc slot for a G.OttA-l
magnetic field.
The total width of the discharge
region vs the discharge msgmtlc
field strength. The curve serves
onl} to guide the eye.

ncj lPOO from the discharge region
(Fig, 2a) is a satisfactory arrangement fir dc
operation at 1 A of discharge current.. However,
with this arrangemer(t the RIS only aperntes
stably for pu!sed dlscherga currents ~ 20 A,
At h.f~er di~charge currents the ~oltnge and
current oscillate at - 10 kHz with 100%
mdulation, Wecllculate that at the higher
currents the disch.rge can pump the HI gas
ewey in c 10 VS. Perhaps this causes the
instabilitl~s. To investigate this possib!llty,
a 0.4-mm-l.d. capll)rnry tube was directed into
the discharge rsglon throut$ the emlsslon s?.it
and usedas theH2 gas ~eed (Fig, 2b).
Steady operation at discharge currents up to
~ A resulted. We then replaced the rotmtln~
anods with a fixed anode structurt (Fi . 2c) and

!fed the HI as directJy into the arc s ot
!as in the f xed-electrode smlrce. This change

allowed steady pulsed oparttlun ut. discharge
currents up to 120 A. All measurements reported
below were obtalneduslng the fixecLanoda struc-
ture. The @sedH- current inCreaSdd wlten the
n~er of HI gas inlets in the ?~xed anode
was increased from one to five, ‘:w) five inlets
being equally spaced along t~ 1.2-cm arc slot.
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Because of the need to sl.tpport the rotating
anode, the drift distance t (see inset In Fig. 4)
from the arc slot to the emission slit was2 mn
in the RIS conpared to 1 mmin the fixed-
electrode source. We studied the effect of
varying t on the H- outfht of the fixed-electrode
source and found that it is an i~ortant parameter
(oPen Circles anti curvein Fig. 4). Using two
diffaent fixwi anodes, we measured the pulsed }!-
output from the RIS with t . 2 remand t = 1/2 rtri
and fou~d that t = 1/2 mmgives the best H-
output (squares, Fig. 4). The RIS current and
emittance measurements reported below were all
obtained for t . 1/2 mm.

The cesium flow through the RIS emission
slit is monitored using a ceslum surface-ioniza-
tion gauge (sIG) identical to that described in
Ref. 9. Typically, the cesium flow from the RIS
is identical to that measured for the fixed-
electrode source (see Figs. 2-4 ofRef. 9),
1 mg/h for dc operation tit 1 A discharge

The H- current and two-dimensional,
normalized emittance (c = Byl/n, where A

current.
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is the phase-space area of the beam ano R and
y are the rela~ivistic parameters) for dc RIS
operation are shown in Table I. The largest dc
RIS H- beam we have observed is 2.5 MA, for
which we have no emittance measurements.
Figure 5 shows c as a function of the beam-
current fracti~~ 1/10 for the 1.5-m4 dc beam.
The x,6 direction is parallel to the 0.5-mmby
10-mmemission slit and in the bending plane of
the n . 0.9 dipole magnet; the y,.$ di?ection
is perpendicular to the slit.

The data disp~ayed in Fig. 5 were obtained
in the following manner. The emittance scanners
was set at a fixed position x, then an oscillo-
gram of the emittence scanner Faraday-C’Jp current
Sx vs the emittance scanner plate sweep voltage
(proportions! to !3) was recorded. The emit-
tance scacner was stepped across the beam to
record the three-dimensional plot of Sx vs x
and Q. Because .SX . 321/3x&(3, the integral

1.5mA DC

A
!3

Q

v0 /A “
/

/

,A3
“

o 1

L-/2O.oclo LA+--J- --i

1/10
Lo

Fig. 5. Two-dirffnslonall normalized emittsnce
c vs che frnctlcm of the total beam
inc?uded in the emittance mm’urmnt
l/?O for a 1.5-M dc H- beam from
the RIS. The curves are calculated
from Eq, (2) assuming kTx E 3.7 eV
(solid curve) andkTy. !?6eV (dashed
curve).
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11 = Ja21/ axa&lQ is the beam profile. The
inteqal 12 = Jia2x/axa9 dOdx is proportimal
to the total beam current l.. A ccfnputer
program calculates the normalized emittance and
beam current included at various threshold
(brightness) levels. These results then permit
plotting normalized emittance 6(F) VS the beam
current fraction (F=I/Io). A second, identical
emittance scanner is used to make the y,$ emit-
tance measurements. The normalized brightness
B(F2) is calculated from

B(F2) =2 l./ [f12 CX(F) cy(F)] (1)

The values of E givm fr, Table I cor-
respond to the emittance value that includes 63%
of the beam in each plane, Gr 40% of the total
beam. The discharge voltage mise to discharge
voltage ratio was 0.14 for these masurermmts.
The dc H’-current, emittance, and brightness
values for the RIS and the fixed-electrode source
(lo= 2mA, cxxEy= 0.044 x 0.016 n2cmamrad2,
B.O.58 A/cm2mrad2, F=63%, Table IV ofRef. 10) are
very similar at the - 2-mA level.

The largest pulsed RIS H- beam we have
measured is 104 mA(Table I). The maximumfield
streng:h provided by the dipole ma~et is insuffi-
cient ‘.n bend a 21-keV H- beam through 90°
and into a Faraday cup for measurement. The
104 mAwas recorded in a Faraday cuplocated2 cm
b~hlnd the extraction electrode, without magnetic
analysis of the beam.

Wehave not yet obtained emittance meas-
urements for the RIS pulsed beam, However$ the
dc W’rent, emittance, and brightness values for
the RIS are so similar to those for the fixed-
electrode source that we expect a 100-mA pulsed
H- beam from the RIS to have nearly the same
emittunce and bri~tness as the fix~’kelectrode
source (19 = 79 mA, .sXx Cj = 0.C141x 0.027
I,zcmzmrad, B = 15A/cm~mradi) F = 63%, Fig. 6
of Ref. ii).

From a model ii that a:s~~ the H- ‘ens

are emitted uniformly from ttw rectangular emis-
SIOn slit with a Maxwellian velocity distribution
of temperature T, the Oeamfraction vs normalized
emittancc is given by

F .erf[n S/ {4f? (2kT/mcl)l/z}] (2)

wlere R is half tt,e slit dimension and m is the
ion mass. The curves in Fig, 5 were calculated
using Eq, (2), normelizod to the values of c
nt F = 3%. uslngthevaluesof~x (63%),
u (63%), at?dEq. (2), wc obtalnestimstesof
tie ianenergyofkTx = 3.7ev andkTy . 96 eV.
we know~} that the dipole magnet pole plecas
cwple the x- and y-plme emlttances, so the
iar r emittance of the x-plane msks that of the

Ty-p ane. ‘Thelarger effective ion energv reflects
the smell init!al plasma radius for the y. plane.

The p~incipal difference noted between the
operation of the RIS and the fixed-electrode
source IS thSt fo” maxhmumdc H- CUrrent, the
discharge voltage for the RIS is 170 V, compared
to 50 V for the fixed-electrode source. The
difference in discharge voltage for pulsed
operation is not so great; 100 V fOr the RIS
conpared to 80 V. Wedo not understand the
difference in operating voltage. Understanding
and cmtrolling the voltage has clear implica-
tions for a fully cooled RIS, because a lowering
of the discharge voltage reduces the electrode
heat load by the same factor.

IV. Sumnary and Conclusions

we have shown that magnetic-field con-
finement of the Penrdng SPS discharge can be
used to reduce the average heat load on the
cathod~s in & rotating swrce design. Using a
fixed anode and rotating cathodes in our
urcooled R:S, we nave achieved performance
levels at l-~ H-, 100% duty factor and
lCKhnAH-, l%duty factor which are
comparable to those of the fixed-electrode
Penning SPS described in ReR. 3 and 6.

A fully cooled RIS must have adequate
cooling for the anode and both cathodes, the
emission slit, and the extractor, electrude.
Taking our pulsed RIS measurements (Table I),
correcting for 30%attenuation of the t-i-
beam when it is magnetj.tally analyzed, and
scaling up to 100 mAof an~iyzed H- beam
implies that each rotati,lg ,.lthode will have a
power load ofO.5 kW/cm~, the mode 0.16 kW/cm2
if rotated ana 6 kW/cmaif fl~ed. The power
leading on the extractim electrode may be a
seriws prablam because a 20-kcv, 100.mAH-
beam having a 2-Alcma current density has an
average power density of 40 kW/cm2. This
scsling to a fl’lly cooled, 100%duty factor RIS
is acceptable, pruvid@d the an@a andextract,ion
electrode heat loads can be reduced.
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